ABSTRACT Electro-hydraulic servo driving planar parallel mechanism (EHPM) is widely used in simulating large-scale vibration environments. However, the energy consumption of EHPM is large. There is little research on the energy consumption of EHPM. Therefore, this paper presents a structural optimization method, which can effectively reduce the energy consumption of EHPM by changing the arrangement of the planar redundant actuator. First, the mathematical model of the total power of EHPM is established. In order to distinguish the variables that affect energy consumption, the effect of a single structural variable on energy consumption is discussed, respectively, based on the mathematical model of the total power. And then the genetic algorithm is used to optimize the total power objective function with multiple structural variables. The influence of the initial value of the structure variable on the convergence range of total power is also discussed. The simulation results show the effectiveness of changing the actuator arrangement, which can significantly reduce energy consumption. Moreover, the component selecting of the hydraulic cylinder and servo valve can be smaller and the cost of which can be reduced.
I. INTRODUCTION
The parallel mechanism has the advantages of strong bearing capacity, small inertia, fast movement and so on. Currently the parallel mechanism is widely used in seismic environment simulation [1] , flight simulator [2] , parallel machine tool [3] and other aspects. Specially, it has a great advantage in a large motion environment simulation. However, EHPM is less efficient. The power loss is very large in large-scale simulation environment, which not only wastes energy but also increases the cost of hydraulic components. Therefore, The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao. it is of great significance to reduce the energy consumption of EHPM.
At present, research on reducing energy consumption and improving efficiency mainly focuses on equipment such as robots [4] , [5] , exoskeletons [6] , and prostheses [7] . Since the power source of the robot itself is limited, the method of reducing energy consumption and improving efficiency can effectively solve the problem of battery life. Some scholars have optimized the design from the aspect of stiffness [8] , [9] . Ackerman and Seipel [10] proposed to apply the elastic load suspension mechanism to a hexapod robot. The experiment shows that the robot with elastic load suspension mechanism consumed up to 24% less power than with a rigidly attached load. Bauer et al. [11] , [12] proposed elastic couplings mechanical springs to optimize the energy efficiency of walking bipedal robots by more than 80 % in a speed range from 0.3 to 2.3m/s. In the study of energy consumption of quadruped robots [13] , the reasonable gait parameters are determined to reduce energy consumption significantly. In [14] , a new design is presented for a 3 degree of freedom (DOF) leg based on gravity decoupling. Energyefficient configurations [15] was discussed by comparing insect and mammal on the hexapod robotic platform SILO6. The experiment results that power consumption of insect configuration exceeds that of mammal configuration during crab walking. Phan et al. [16] proposed a control method of look-up table for flexible manipulators to reduce energy consumption. The objective function of energy consumption is minimized by optimizing the positive position feedback parameters. The torque distribution algorithm [17] is designed to reduce energy consumption in order to meet the energy requirements of legged robots.
However, the research on electro-hydraulic servo parallel mechanisms has focused on improving the dynamic tracking performance through controller design [18] - [20] and improving the working range through structural design [21] , [22] . For example, an advanced nonlinear controller for hydraulic system was developed in [20] to achieve asymptotic tracking with various disturbances. From the perspective of hydraulic system design, for servo control systems with small power, fast response and high precision, servo valve control systems [23] are mostly used. Servo pump control systems [24] are used in high-power electro-hydraulic servo systems to reduce energy consumption. And usually in the design of the hydraulic system, the use of accumulators [25] , [26] for energy recovery and reuse has achieved the goal of reducing energy consumption and improving efficiency. Hydraulic system design is just some of the most basic methods, and the actual reduction of energy loss over a large scale still needs further study. Some scholars reduce power loss by using controller design and other advanced algorithms. Braune et al. [27] presented a control strategy based on a nonlinear model for an electromagnetic valve actuator in order to meet the requirement of low power consumption, and energy consumption is reduced remarkably. Mohammad et al. [28] designed sliding-mode control with a nonlinear sliding surface for machine tools, through which consumed energy was reduced by about 12.9%. Uchiyama et al. [29] proposed a novel controller based on a contouring control in order to reduce energy consumption in five-axis machine tools. The experiment results show that the energy consumption reduced by 4%. An efficient online trajectory planning algorithm [30] was proposed for a straight-line path for three-wheeled omnidirectional mobile robots. And experiment results show that these minimum-energy trajectories can save energy up to 4.76%. Some scholars use structural optimization to reduce power loss. Wu et al. [31] proposed a novel U-3PSS twoaxis sun-tracking mechanism with parallel mechanism. The results show that the novel U-3PSS solar tracker has a smaller energy consumption compared with U-2PSS solar tracker. Yao et al. [32] presented that the redundant actuation could reduce the energy consumption of the parallel mechanism. Experimental results show that redundant actuation can reduce energy consumption by up to 45% compared to the nonredundant actuation. Bidgoly et al. [33] proposed to combine the structure design of kinematic redundancy and multi objective optimization method, which effectively reduced energy consumption. Plooij et al. [34] used the bidirectional clutched parallel elastic actuator to reduce the energy consumption of robots. Simulations show that the energy consumption can be reduced 73%. These documents illustrate the effectiveness of reducing energy losses through structural optimization. However, there is not research on the structure optimization through the arrangement of actuators and the distribution of hinges, which can be seen as a problem of finding the optimal solution in multiple variables. There are many advanced algorithms for multivariable optimal control, such as genetic algorithms (GA) [35] , [36] and other real-time algorithms [37] , [38] .
The main contribution this paper is to propose a new structural optimization method, for EHPM. It reduces the energy consumption of EHPM by changing the arrangement of the planar redundant actuator. In order to distinguish the variables that affect energy consumption, the effect of a single structural variable on energy consumption is discussed respectively. GA is used to optimize the total power objective function with multiple structural variables. And the influence of the initial value of the structure variable on the convergence range of total power is also discussed. Finally, it reduces the maximum flow of the single hydraulic cylinder and the average flow of EHPM during the working process. The significant meaning is that the cost and energy consumption of EHPM are reduced effectively.
This paper is organized as following. Section 2 presents the kinematic model of EHPM. Section 3 establishes the mathematical model of the total power of EHPM. The total power mathematical modeling of EHPM is optimized based on GA in Section 4. And the optimum parameters that affect the total power of EHPM are obtained. In Section 5, we analyze and evaluate the optimal design results, which verifies the validity of the experiment. Finally, main conclusions are summarized in Section 6.
II. THE KINEMATIC MODELING
Classic shaker structure is shown in Fig. 1 . The EHPM is shown in Fig. 2 . The coordinate system of the EHPM is shown as Fig. 3 . O − X O Y O Z O is the inertial coordinate system. O P − X P Y P Z P is the follow-up coordinate system, which is fixed to the EHPM. The two coordinate systems are coincident when the EHPM is in the initial position.
In The generalized pose of the follow-up coordinate system relative to the inertial coordinate system is defined as
where q 1 is the displacement of the EHPM along the x coordinate system. q 2 is the displacement of the EHPM along the y coordinate system, q 3 is the angle that follow-up coordinate system rotates counterclockwise relative to the inertial coordinate system.
The rotation transformation matrix of the follow-up coordinate system relative to the inertial coordinate system can be expressed as
where ω is the angular velocity of the platform. Hydraulic cylinder length vector can be obtained as
where t = q 1 q 2
T
The length of the hydraulic cylinder can be expressed as
The length of the hydraulic cylinder is set to l 0 when the EHPM is in the initial position. And then the displacement change of the hydraulic cylinder can be obtained as
By combining (5) with (6), (7) can be obtained as
Equation (7) can be rewritten as
The function f (q 1 , q 2 , q 3 ) is expanded using the Taylor formula in the Q 0 = (q 10 , q 20 , q 30 ). Round off the highorder differential terms, the following linear equations can be obtained as
Define q i = q i − q i0 (i = 1, 2, 3). Equation (9) can be regarded as a linear system of equations with variable q i as unknown. Coefficient matrix can be expressed as 
Equation (9) can be rewritten as J q = −f (Q 0 ). And the iterative recursion formula can be obtained as
The following transformation needs to be done in order to avoid pseudo-inverse
If J T J is not singular, the recurrence formula is
By deriving on both sides of the (5), (13) can be obtained asl
where l ni is the unit direction vector for the direction of the leg. By substituting (3) to (13), (13) can be rewritten aṡ
The Jacobian matrix is
III. MATHEMATICAL MODELING OF TOTAL POWER FOR EHPM A. OPTIMIZATION HYPOTHESIS
The EHPM can be optimized by changing the layout of the actuator and the location of the upper and lower hinge points. For the square platform mechanism, the following assumptions are made. The upper hinge point of the EHPM is evenly distributed on one circle. The lower hinge point of the EHPM is evenly distributed on one circle. The two distribution circles are concentric, and the distribution radius of lower hinge point is greater than the upper hinge point. The upper and lower hinge points are sequentially connected to form a EHPM.
B. MATHEMATICAL MODELING OF TOTAL POWER OF EHPM
The schematic diagram of EHPM optimization is shown in Fig. 4. a i (i = 1, 2, 3, 4) is upper hinge point, and b j (j = 1, 2, 3, 4) is lower hinge point. Assuming the distribution radius of the upper hinge pointer is r 1 . The angle between the positive x-axis and the radius located by a 1 is α. When the EHPM is in the initial position, the angle between the hydraulic cylinder and the positive x-axis is θ. The structure of EHPM depends on r 1 , α, θ, and l 0 . Therefore, r 1 , α, θ, and l 0 are initially selected as structural optimization variables.
The coordinate matrix of the upper hinge is A = r 1 cos α −r 1 sin α −r 1 cos α r 1 sin α r 1 sin α r 1 cos α −r 1 sin α −r 1 cos α (17) The coordinate matrix of the lower hinge is
According to the known maximum output force F max and maximum speed v max of EHPM, the effective working area and the maximum flow of the hydraulic cylinder are calculated. In order to establish the mathematical model of the total power of EHPM, it is necessary to establish the force transformation relationship from the DOF space to the joint space, the equation of which can be expressed as
where F is generalized force acting on EHPM, f a is output force of hydraulic cylinder. By substituting (15) into (19) , the relationship between F and f a can be obtained as
When the output of the generalized force is maximum, the maximum output force of the hydraulic cylinder can be calculated as
According to the principle of load matching, the effective action area of hydraulic cylinder is designed as
where P s is the oil supply pressure.
The maximum functional curve of the EHPM is shown in Fig. 5 . In the case of ω = ω 3 , the maximum velocity and the maximum acceleration occur simultaneously. Therefore, the condition ω = ω 3 is taken as the basis for modeling. The displacement command of the EHPM is set to d = A d sin (ωt + φ), and then the speed and acceleration commands of the EHPM can be obtained
When the maximum speed and maximum acceleration occur simultaneously, the displacement command of the EHPM can be expressed as
The research object of this article is the shaking table, which is mainly used in vehicle road simulation and seismic environment simulation. Under this condition, the tested object and the upper platform are in a fixed state. Besides, the optimization shaking table is planar parallel mechanism, so the effect of gravity can be neglected. In this study, the vibration frequency of shaking table is very high, and thus inertial force is the main factor affecting energy consumption. Therefore, this study only considers the influence of inertial force on structure optimization and ignore other interferences.
Under special external disturbance, the corresponding energy consumption model can be established, which is similar to the energy consumption model of inertial force. And then the total energy consumption is taken as the optimization objective, and the presented method based on GA still works for optimization.
When the EHPM moves in the x-axis direction according to the (23), the generalized pose and generalized velocity can be obtained respectively as
Similarly, the generalized poses and generalized velocities along other DOFs can also be obtained. The total flow of the four hydraulic cylinders is According to (26) , the total power of EHPM in the time T range can be obtained as
IV. OPTIMIZATION DESIGN AND ANALYSIS BASED ON GA A. THE INFLUENCE OF UNIVARIATE ON THE TOTAL POWER OF EHPM
Although r 1 , α, l 0 , θ can determine the structure of the EHPM, the impact of each variable on energy consumption needs further study. Therefore, the effect of each structural variable needs to be test respectively on the total power of EHPM, thereby determining valid optimization variables. Table 1 is the kinematic parameters of EHPM. The minimum size of the platform be a square with a side length of one. The quality of EHPM is 630kg, and the pressure of the hydraulic drive system is 18Mpa. When the maximum speed of the platform and the maximum acceleration occur simultaneously, the displacement command of the EHPM is d (t) = 0.45 sin (20.0t). The speed and acceleration commands of the EHPM are v (t) = 9.0 cos (20.0t) and a (t) = −180.0 sin (20.0t) respectively. The rotation command of the EHPM is φ (t) = 10 sin (5.0t). Under the above conditions, the sum of the total power can be calculated. In this process, first of all, set initial values for variables to be optimized and calculate the coordinates of hinge to determine the effective working area of hydraulic cylinder. The specific method is to divide the workspace into several coordinate points by the step size of 1mm on the coordinate axis, and calculate the corresponding hydraulic cylinder area according to each divided coordinate points based on the principle of best load matching. And then, select the maximum value among them as the effective working area of hydraulic cylinder. Finally, under the condition that the maximum velocity and acceleration occur simultaneously, the average total flow rate of the hydraulic driven system can be calculated, and further the total power is calculated. The program flow diagram of total power modeling process for EHPM is shown in Fig. 6 , and the feedback in which just play an exhaustive role to find out the maximum hydraulic cylinder area in the whole work space.
The mechanical interference and other constraints are not considered at first. Therefore, the effect of a single variable on the total power of EHPM is discussed only from a mathematical perspective. Firstly, a series of discrete values of the test variable is given. And then the upper and lower bounds Table 2 . The total power variation curve affected by the variable θ is shown in Fig. 7 . From Fig. 7 , it can be seen that the total power changes periodically following increase of θ, and the minimum of the total power locates at the angles of 45 • + λ · 90 • (λ ∈ Z). Set the step size of α be 5 • , which changes from 0 • to 360 • . The boundary constraint of optimized variables is 0.5 0 2 ≤ r 1 θ l 0 ≤ 1.5 2π 3.4 . The data is shown in Table 3 . The total power variation curve affected by the variable α is shown in Fig. 8 . Set the step size of l 0 be 0.1m, which changes from 2m to 3.4m. The boundary constraint of optimized variables is 0.5 0 0 ≤ r 1 θ α ≤ 1.5 2π 2π . The data is shown in Table 4 . The total power variation curve affected by the variable l 0 is shown in Fig. 9 . Set the step size of r 1 be 0.05m, which changes from 0.5m to 1.5m.The boundary constraint of optimized variables is 2 0 0 ≤ l 0 θ α ≤ 3.4 2π 2π . The data is shown in Table 5 . The total power variation curve affected by the variable r 1 is shown in Fig. 10 .
It can be seen that θ has a significant effect on the total power. The total power reaches minimum and the corresponding values are equal when θ = 45
The curve shows a periodic change with a period of 90 • . As the length of the hydraulic cylinder grows, the total power monotonically decreases. With the change of α and r 1 , the total power does not change. So α and r 1 are no longer optimization variables. Taking into account the compact structure, r 1 = 1.061m, α = 120 • and the boundary condition of X = l 0 θ is 2.525 0 ≤ X ≤ 3 2π
B. OPTIMIZATION DESIGN BASED ON GA
The optimization problem is to search out a set of solutions from the variables under certain constraints so that the objective function takes the minimum. In this paper, the objective function is the total power mathematical model of EHPM. The objective function has two optimization variables. The optimal value is obtained at the same time on this basis of θ and l 0 . In order to solve the problem of optimal value of objective function, there are many optimization algorithms such as GA algorithm, PSO algorithm and so on. We use genetic algorithm to optimize the total power of the EHPM, as shown in Fig. 11 . POS algorithm calculation result is shown in Fig. 12 . The convergence speed of PSO algorithm is slower than that of GA algorithm. Particle swarm optimization algorithm is easy to fall into local optimal solution. So it is necessary to simulate several times in order to get reasonable results in this paper. In terms of convergence, GA is a more mature convergence analysis method, and can estimate the convergence rate. Therefore, the GA is used to optimize. The values of the tuning parameters of the GA are shown in Table 6 . According to Fig. 7 , the optimal solution is probably not unique. The initial value of the variable largely determines its convergence range. Therefore, in the use of GA for calculation, a different initial value of variable should be chosen to observe whether the results change. Set r 1 = 1.061m, α = 120 • . And the boundary conditions of optimization variable is 2.525 0 ≤ X ≤ 3 2π , X = l 0 θ . The results are shown in Fig. 13 when the initial value range [0; 1] is selected. The data is shown in Table 7 . According to Table 7 , the best individual is l 0 = 3m, θ = 45 • . And the best degree of adaptation is 387.7kW. The results are shown in Fig. 14 when the initial value range [1; π] is selected. The data is shown in Table 8 . According to Table 8 , the best individual is l 0 = 3m, θ = 135 • . And the best degree of adaptation is 387.7kW. The results are shown in Fig. 15 when the initial value range [π; 5] is selected. The data is shown in Table 9 . According to Table 9 , the best individual is l 0 = 3m, θ = 225 • . And the best degree of adaptation is 387.7kW. The results are shown in Fig. 16 when the initial value range VOLUME 7, 2019 [5; 2π] is selected. The data is shown in Table 10 . According to Table 10 , the best individual is l 0 = 3m, θ = 315 • . And the best degree of adaptation is 387.7kW. Assume r 1 = 1.061m, α = 120 • . And the boundary conditions of optimization variable is 2.525 0 ≤ X ≤ 3 2π . Though we get different results by running multiple times when the initial value range [0; 2π ] is selected. They are one of the four results described above. It can be seen that the optimal solution is more than one in this section.
Hence, under the hypothesis condition and without considering the mechanical interference, the minimum total power of EHPM satisfies the conditions shown in Table 11 .
V. ANALYSIS OF THE RESULTS OF OPTIMAL DESIGN
In the case of ensuring x = 3 0.785 , a different space occupied structure can be obtained by changing the position of the upper hinge point, which is shown in Fig. 17 . The parameters of the optimized structure and the classical structure are compared and analyzed as Table 12. According  to Table 12 , the effective area and effective working stroke of the hydraulic cylinder are decreased. The reduction of the structural parameters reduces the maximum instantaneous flow of the single cylinder by 44.6%, compared with the classical structure. The flow of the four hydraulic cylinders are essentially the same through an optimized structure. However, only two cylinders share most of the flow through the classic structure. Therefore, a smaller servo valve can be chosen. And the hydraulic springs of these two structures are substantially equal in stiffness. Fig. 18 is a fixed attitude work space under the optimized structure. Because the kinematic index of the mechanism is aimed at single degree of freedom, the attitude angle of the platform is φ = 0. It can be drawn that the platform can realize the movement range of single axis ±0.40m. In order to verify that the optimized structure can meet the requirements of the kinematic index of the platform, the fixed attitude workspace of the classical structure is shown in Fig. 19 . The workspace of classical structure in a large part is a composite motion workspace that is not needed, which creates waste. It can be seen that the optimized structure is reasonable from the point of view of fixed attitude work space.
With r 1 , α, θ fixed but only increasing the length of l 0 to 3.2m, a new work space is obtained and shown in Fig. 20 . Comparing Fig. 20 to Fig. 18 , it can be known that the work space of the optimized structure can be enlarged by increasing the length of l 0 . Besides, the increase of l 0 means the decrease of total power according to Fig. 9 . 
VI. CONCLUSION
Aiming at the energy consumption of EHPM, this paper presents a new structural optimization method by changing the arrangement of the planar redundant actuator. The key of this optimization method is to identify structural variables that have an impact on total power and use GA to optimize the total power objective function with multiple structural variables. The optimal solution is obtained as θ = 2k+1 4 π (k = 0, 1, 2, 3), α = θ. l 0 takes the maximum value under the allowable condition. r 1 needs to meet the requirements of the platform. Compared with the classic structure, the effective area and working stroke of the hydraulic cylinder are reduced by 30% and 28.5%, respectively. The four hydraulic cylinders share roughly the same flow by the optimized structure. However, only two cylinders share most of the flow by the classic structure. The maximum instantaneous flow of the single hydraulic cylinder is significantly reduced by 44.6%. Therefore, the total power of EHPM drops from 432.8kW to 387.7kW. The component selecting of hydraulic cylinder and servo valve can be smaller and the cost of which can be reduced. The structural optimization method proposed in this paper can not only apply to EHPM, but also to other electro-hydraulic servo driving parallel mechanism.
